INTRODUCTION
Methane (CH 4 ) emitted to the atmosphere is a more potent energy-trapping greenhouse gas per molecule than carbon dioxide (CO 2 ; IPCC, 2013). Therefore, reducing CH 4 production by ruminants represents a potential mitigation of greenhouse gases in the atmosphere and subsequent radiative forcing resulting from those greenhouse gases. The role of domesticated ruminant animals in the CH 4 cycle and subsequent atmospheric CH 4 rise in recent history is substantial (IPCC, 2013) . From the year 2000 to 2009, anthropogenic CH 4 emissions represented 50% of total emissions, 27% of which were represented by ruminants.
Ruminal CH 4 production represents a decrease in ME intake by ruminants. When ME intake is limited, animal performance can also be limited (Hegarty et al., 1999) . Therefore, decreasing ruminal CH 4 emissions potentially improves efficiency of animal production.
Condensed tannins (CT) are protein-precipitating polyphenolic compounds produced by many plants (Hagerman and Butler, 1978) . Condensed tannins can be an important component of ruminant production systems due to their potential to increase efficiency of protein utilization (Barry and McNabb, 1999) . Forages containing CT may reduce ruminal CH 4 production (Animut et al., 2008; Tiemann et al., 2008 ABSTRACT: Methane (CH 4 ) is a potent greenhouse gas that is normally produced by microbial fermentation in the rumen and released to the environment mainly during eructation. Prediction of ruminal CH 4 production is important for ruminant nutrition, especially for the determination of ME intake to assess the amount of total GE available for metabolism by an animal. Equations have been developed to predict ruminal CH 4 production based on dietary constituents, but none have considered condensed tannins (CT), which are known to impact CH 4 production by ruminants. The objective was to develop an equation to predict ruminal CH 4 , accounting for CT effects. Methane production data were acquired from 48-h in vitro fermentation of a diverse group of warm-season perennial forage legumes containing different concentrations of CT over the course of 3 yr (n = 113). The following nonlinear exponential decay regression equation was developed: CH 4 = 113.6 -0.1751 × CT -2.18 (r 2 = 0.53, P < 0.0001), in which CH 4 is expressed in grams per kilogram of fermentable organic matter and CT is in percentage of the DM. This equation predicted that CH 4 production could be reduced by approximately 50% when CT is 3.9% DM. This equation is likely more accurate when screening CT-containing forages for their potential ability to mitigate in vitro CH 4 production by ruminants when the CT concentration is greater than 3% DM. Therefore, despite the degree of variability in ruminal CH 4 production, this equation could be used as a tool for screening CT-containing forages for their potential to inhibit ruminal CH 4 . Future research should focus on the development of predictive equations when other potential reducers of ruminal CH 4 are used in conjunction with CT. not all CT demonstrate biological activity equally, meaning that forages with equal concentrations of CT may impact ruminal CH 4 differently (Naumann et al., 2013) . Conducting controlled studies to make decisions about ruminant diets on the basis of CH 4 production is costly and time consuming. A tool is needed for rapidly screening CT-containing forages for the ability to mitigate ruminal CH 4 so that forage selection decisions might be effectively made. The objective was to develop an equation to predict potential ruminal CH 4 emissions when feeding CT-containing forages that could be used to evaluate whether ruminal CH 4 production by fermentation of a given forage species is above or below the expected reduction in ruminal CH 4 production.
MATERIALS AND METHODS
An equation for predicting ruminal methane inhibition by CT was developed using CH 4 production data acquired from multiple experiments performed over a 3-yr period. For each of the previously conducted experiments, substrates containing various concentrations of CT were fermented using an in vitro gas production technique (Tedeschi et al., 2009 ). The CT-containing forages fermented in these experiments included Acacia angustissima, Desmanthus illinoensis, Desmodium paniculatum, Lespedeza cuneata, Lespedeza stuevei, Leucaena retusa, Mimosa strigillosa, and Neptunia lutea. Depending on the prior study, fermented substrates included single CT-containing forages, mixtures of CTand non-CT-containing forages, or mixtures of CT-and non-CT-containing forages with corn grain (Table 1) . Fermentation data were generated by running duplicate fermentation bottles of each substrate (sampling unit) in each of 2 separate fermentation chambers. In each study, this design was repeated for 2 fermentation runs. Two ruminally cannulated steers unadapted to forage containing CT and fed bermudagrass (Cynodon dactylon L. Pers.) hay were used as rumen fluid donors for the in vitro gas production procedure. The animals used as rumen fluid donors were housed and cared for according to the guidelines of the Animal Care and Use Committee for the USDA-ARS Southern Plains Agricultural Research Center (FASS, 2010) .
Rumen fluid was collected concurrently from both steers and mixed at the time of collection. With the exception of nonsubstrate containing blanks, 200 mg of each substrate were transferred to a 150-mL Wheaton bottle. Rumen fluid was filtered through a 4-layer cheesecloth and glass wool to filter out rumen particulate matter while continuously mixing with CO2 to maintain anaerobic conditions. A total of 14 mL of pH stabilized (6.8-6.9), CO2 ventilated, phosphate-bicarbonate media (Goering and Van Soest, 1970 ) and 2 mL of boiled, distilled, 39°C water were added to the fermentation bottle containing the substrate. Bottles were vented with CO2 before sealing, then sealed with greased butyl rubber stoppers, and finally crimp sealed. A 4-mL subsample of mixed rumen fluid inoculum was injected into each sealed bottle and incubated in each of 2 fermentation chambers at a temperature of 39°C. Pressure sensors were attached to each bottle and the pressure within each bottle was returned to zero by puncturing with a needle. Pressure readings were made automatically each 5 min for a period of 48 h. Cumulative pressure data were recorded using Pico Technology software (Eaton Socon, Cambridgeshire, UK) and converted to milliliters of gas produced. After 48 h of fermentation, fermentation bottles were removed from the fermentation chamber and placed in an ice bath to halt any further gas production. Gas samples were taken from the headspace of individual fermentation bottles using a 1-mL gas tight syringe. Methane gas measurements were made by gas chromatography (Callaway and Martin, 1996 ; Gow Mac Instrument Co., Bethlehem, PA) using a 5% CH 4 standard.
The scaled-down protein-precipitable phenolics method described by Hagerman and Butler (1978) and modified by Naumann et al. (2014) was used to measure CT in 3 replicate plant extracts. Plant extracts were prepared for each plant species by extracting 50 mg of water and incubated at room temperature for 30 min before centrifuging at 16,000 × g for 5 min at 4°C. Supernatants were removed by vacuum aspiration and the protein-phenolic pellet was washed with 100 μL of Buffer A before recentrifuging and aspirating. Protein-phenolic precipitates were dissolved in 800 μL of SDS (1% wt/vol)-triethanolamine (5% vol/vol) before adding 200 μL of FeCl3 (0.01 M FeCl3 in 0.01 M HCl). Absorbances at 510 nm were read after 15 min and protein-preciptable polyphenols were quantified using standard curves prepared with stock solutions of CT extracts (1 mg/mL) in deionized water. The model was developed by regressing the response variable CH 4 on the predictor variable CT (n = 113) using PROC NLIN of SAS (SAS Inst. Inc., Cary, NC) and the Gauss-Newton method to converge the parameters of the nonlinear regression. The following 1-phase exponential decay model was used to express the relationship between CT and CH 4 :
in which Y is the CH 4 production, expressed in grams per kilogram fermentable organic matter (FOM); span is the difference between Y when CT equals 0 and the plateau (the Y value at infinite), expressed in grams per kilogram FOM; K is the fractional rate of decline, expressed as 1/percent DM; and X is the CT concentration, expressed in percent DM.
RESULTS AND DISCUSSION
The concentrations of CT in each fermented substrate ranged from 0.6 to 20%. The concentrations of CH 4 from the fermentation of substrates ranged from 0.4 to 167 g/kg FOM. The resulting nonlinear exponential decay regression equation for predicting the effect of CT concentration on CH 4 production using previously acquired ruminal fermentation data was CH 4 = 113.6 -0.1751 × CT -2.18.
Methane production decreased as CT concentration increased in the fermented substrate (Fig. 1) . However, the graphical output of the analysis indicated there was more variation in CH 4 produced by ruminal fermentation at CT concentrations less than or equal to 3% DM compared with when CT concentrations were greater than 3% DM. The model evaluation system (http://nutritionmodels.com/mes.html; accessed March 2, 2015; Tedeschi, 2006) was used to determine the goodness of fit of the predictive equation. The data were resampled to determine the goodness of fit of the equation when CT concentrations were above and below 3%, by testing the null hypothesis that states there is no difference among observed and model-predicted values, assuming 5% for the type I error, when the proposed nonlinear exponential decay equation is used to predict in vitro CH 4 production in CT-containing forages (that the intercept is equal to 0 and the slope is equal to 1); and the alternate hypothesis that the proposed nonlinear exponential decay equation is incapable of explaining the variation observed in the in vitro CH 4 production from fermentation of CT-containing forages. A nonrejection of the null hypothesis means that the model accurately explained the variation that had occurred in the data set.
The accuracy of the equation was assessed by evaluating the bias correction factor (Cb), a component of the concordance correlation coefficient (CCC) described by Lin (1989) . The CCC provides a simultaneous assessment of both accuracy and precision. The equation was determined to be highly accurate (Cb of 0.95) and the precision component was primarily responsible for the errors associated with CH 4 prediction. Even more so, the partition of the mean square error of prediction (MSEP; Bibby and Toutenburg, 1977) indicated that the random component was the sole factor contributing (100% of the MSEP) to a lack of power in prediction.
The precision of the equation was assessed by evaluating the r 2 (0.53) of the linear regression of observed methane production on predicted methane production (Fig. 2) . At CT concentrations less than or equal to 3%, the r 2 was 0.013 (P = 0.52), whereas above 3% CT, the r 2 was 0.26 (P < 0.0001). This suggests that the variation in CH 4 production from fermentation of substrates containing less than or equal to 3% CT is less well explained by CT compared with that of substrates containing greater than 3% CT. Several factors may have contributed to this result. First, CT may affect ruminal microbial populations to a lesser extent when CT are at low concentrations. Ruminal microbes may demonstrate tolerance or adaptability to low CT concentrations and different responses may be triggered depending on the dynamic nature of CT-microbe interactions. In addition, CT in low concentrations can precipitate only a limited amount of the available nutrients in the rumen, which likely has little, if any, impact. As a result, the excess nutrients that are not precipitated by CT are available in adequate concentrations for ruminal microbial utilization. This result is in agreement with Beauchemin et al. (2007) , who fed 1 and 2% DM of quebracho (Schinopsis quebrachocolorado) CT and did not observe any reduction of CH 4 production by growing steers. The lack of precision (r 2 ) of the equation aligns with the important biological conundrum related to how CT dynamics are complex and how factors such as concentration, chemical composition, and biological activity differently contribute to the interactions. More specifically, studying the interactions among these specific characteristics and their effects on ruminant nutrition is an opportunity for improvement in future research.
It is important that viable methods for improving efficiency of animal production and minimizing the impact of ruminant animal agriculture on the environment are developed. This requires a better understanding of how methods such as manipulation of dietary factors alter ruminal fermentation (Shibata and Terada, 2010) . Few attempts have been made to predict ruminal CH 4 production based on dietary constituents. Ramin and Huhtanen (2013) used mixed-model regression analysis to develop equations for predicting CH 4 production by ruminants. Their predictive equations indicated that DMI was the best predictor of CH 4 production. However, inclusion of other dietary factors such as fat concentration and diet digestibility improved their ability to predict CH 4 production. Similarly, Shibata et al. (1993) developed a quadratic equation using DMI to predict CH 4 production by ruminants. Neither of the 2 aforementioned predictive equations considered CT or other plant secondary metabolites that have been shown to inhibit ruminal CH 4 (Tedeschi et al., 2011) . By developing and including equations that predict the effects of CT and other CH 4 inhibiting compounds, the robustness of existing ruminant nutrition models will increase.
Here it has been demonstrated that the relationship between CT concentration in a substrate and CH 4 produced by ruminal fermentation of that substrate could be explained using nonlinear exponential decay regression analysis. This nonlinear regression equation can be used to predict the concentration of potential CH 4 produced from fermentation of substrates (i.e., forages) containing known concentrations of CT and further used as a tool in precision diet formulation when targeting a specific mitigation threshold. For example, this equation predicted that CH 4 production could be reduced by approximately 50% when CT is 3.9% DM. It has been concluded that this equation is more precise for screening CT-containing substrates when the CT concentration is greater than 3% DM. Further evaluation of this equation using live animals is warranted as well as the interaction of CT with other known additives that can potentially reduce CH 4 . Figure 2 . Relationship among observed (∆; methane; g/kg fermentable organic matter [FOM] ) and model-predicted (∆; methane; g/kg FOM) values for methane produced during a 48-h in vitro gas production (IVGP; Tedeschi et al., 2009 ) fermentation procedure. Solid line represents the identity line, y = x (r 2 = 0.53, P < 0.0001).
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